Abstract: Extracellular vesicles (EVs), including exosomes, are a subject of intense interest due to their emission by cancer cells and role in intercellular communication.
INTRODUCTION
There is a growing interest in 'unconventional' constituents of the cellular secretome, including various subsets of extracellular vesicles (EVs) [1] [2] [3] . EVs are membrane-derived external quasi-organelles that mediate the selective release of cellular content into the surrounding microenvironment. The diverse and still poorly understood biogenetic pathways drive formation of EVs with different sizes and properties, most notably a fraction of small vesicles (30 -100 nm in diameter) often described as exosomes [2] . Exosomes have been implicated as regulators of hematopoietic, immune and inflammatory processes, where their rich sources include reticulocytes, mast cells and antigen presenting cells that release antigens, receptors, bioactive proteins and nucleic acids as vesicular cargo [4] [5] [6] [7] . Isolation and characterization of exosomes involves filtration, precipitation and immunoaffinity capture-based methods [1] , but is most often achieved by protocols based on differential centrifugation of cell culture supernatant or biofluids. In this case, the cells are separated at the lower centrifugal force (usually approximately 400 g), and the EV fractions are sedimented from the remaining fluid phase by several ultracentrifugation steps, of which the force of 110,000 g is used to isolate exosome-sized vesicles from larger ectosomes [8, 9] . This approach is believed to reliably separate cellular material from exosomes due to the application of drastically different centrifugal forces, which normal cells are believed to be unable to withstand. While these methods have been extensively validated for exosomes from immune and hematopoietic cells [8] , similar approaches have recently been used to satisfy the intense interest in EV production by cancer cells. In this case, exosomes have been implicated in processes of intercellular communication, cancer progression, invasion, angiogenesis, metastasis and emission of cancer biomarkers [10] [11] [12] [13] [14] [15] . One mechanistic link in this regard is the ability of oncogenic pathways to impact biogenesis and cargo of tumour-derived exosomes [16] . Indeed, we have recently demonstrated that the expression of several oncogenic forms of epidermal growth factor receptor (EGFR/EGFRvIII) stimulate vesiculation of cancer cells, leading to the extracellular emission of several bioactive and insoluble molecular entities, including the oncogenic EGFR protein and mRNA. Notably, the uptake of this material by indolent cells leads to transformation-like changes in their phenotype [13, [17] [18] . Similar events have also been described in the case of several other oncogenes [16] . In particular, transformation of intestinal epithelial cells (IEC-18) by exogenous introduction of the oncogenic H-ras or v-src leads to the emission of bioactive exosome-like EVs containing the respective oncogenic cargo, including the genomic double-stranded H-ras sequences [19] , which have also been described in other cellular contexts [20] [21] [22] [23] . The presence of genomic DNA in a fraction of exosome-sized EVs is surprising, as such material is typically associated with cellular nuclei or apoptotic bodies, and it raises questions as to what is the nature of the material isolated as exosomal fraction from cancer cell supernatants through standard ultracentrifugation protocols. Here we show that ultracentrifugation is not sufficient to reliably isolate exosome-like EVs from certain cancer cell population. This is because ras-and src-mediated transformation enables substantial numbers of cells to enter and remain viable within the standard exosomal pellets obtained under vacuum and ultracentrifugation at 110,000 g. This was not observed in EV preparations of corresponding non-transformed cells or of less aggressive cellular populations, and it diminished in the presence of the oncogene inhibitor. This observation suggests a link between oncogenic transformation and the unusual resistance of cancer cells to extreme physical forces applied during ultracentrifugation. While the biological relevance of this property requires further study, we suggest that filtration is an essential step in EV preparation protocols involving highly transformed cancer cells.
MATERIALS AND METHODS

Cell culture and treatment conditions
The following cell lines were used in the study: IEC-18 -non-tumourigenic, immortalized rat intestinal epithelial cell line; RAS-3 -tumourigenic, clonal IEC-18 subline that has been transfected with a V12 mutant, activated c-H-ras human oncogene; SRC-3 -tumourigenic, clonal variant of IEC-18 cells that has been transfected with the v-src oncogene; A431 -tumourigenic, human epidermoid carcinoma cell line harbouring oncogenic EGFR; NHA -nontumourigenic, normal human astrocyte cell line immortalized using human telomerase (hTERT), a gift from Dr. Guha, University of Toronto; U373P (or U373) -parental non-tumourigenic/indolent human glioblastoma cell line; U373vIII -tumourigenic variant of U373P cells, harbouring a constitutively active EGFRvIII oncogene [17] . IEC-18, RAS-3 and SRC-3 cells were grown as previously described [24] . A431, NHA and U373P cells were maintained in DMEM supplemented with 10% FBS (#080-150, Wisent Bioproducts) and 1% Penn/Strep (#15140, GIBCO). U373vIII cells were maintained under similar conditions with addition of 10% Tetracycline-free FBS (#081-150, Wisent Bioproducts). For experiments involving EV isolation, the media were supplemented with 10% EV-depleted FBS (ultracentrifugation at 150,000 g for 5 hours). Inhibition of SRC activity in SRC-3 cells was achieved by treating them with 20 µM PP2 compound (#P0042, Sigma) [25] . RAS-3-derived cell lines were developed by expanding the selected clones that survived ultracentrifugation, designated as PC1RAS-3, PC2RAS-3 and PC3RAS-3, and cultured as indicated.
Isolation of extracellular vesicles
EVs were obtained by ultracentrifugation either as previously described, or by a simplified protocol involving a slight modification in the number of centrifugation steps [17, 19] . Briefly, conditioned media were first centrifuged for 10 minutes at 400 g to remove cells and debris, followed by filtration through a 0.22 µm PES filter (#565-0020, Thermo Fisher Scientific). The filtrate was then ultracentrifuged for 1 hour at 110,000 g to isolate the pure EV fraction. In some cases, cells themselves were subjected to an extended ultracentrifugation, as indicated.
Transmission electron microscopy (TEM)
Cells and isolated EVs were washed once with 0.1M sodium cacodylate buffer, pH 7.4 and then fixed with 2.5% glutaraldehyde in the same buffer. The fixed samples were subjected to either ultramicrotomy for processing of monolayer cells, or whole mount negative staining for capturing of all EVs in the fixative. Tecnai 12 BioTwin 120 kV TEM was used to capture images.
Clonogenic cell survival
Following ultracentrifugation of the conditioned media at 110,000 g with or without filtration, the pellets were resuspended in complete media and cultured for 7 days prior to fixation with 10% formalin. Dishes were washed with distilled water and then stained for 20 minutes with 0.2% crystal violet in 20% methanol. After another wash with distilled water, images of clonal colonies were taken and their numbers quantified manually in the image of the entire well.
MTS proliferation assay
Viability or time-dependent increase in metabolic activity of growing cells was assessed using MTS assays (#G3580, Promega). Briefly, the indicated cells were plated in 96 well plates, grown for 1, 2 and 3 days, and processed according to the manufacturer's protocol. To assess the recovery of viable cells following mechanical stress, 1,000 cells were ultracentrifuged directly at 110,000 g and MTS assay was performed at days 1, 2 and 3, as described.
Data analysis
Colony formation assays were performed at least twice with similar results. Experiments involving the same cell line across different studies (e.g. RAS-3) were done independently from one another. The statistical differences of resulting clonogenic recovery counts was analysed using computerised one-way ANOVA test, where comparisons were made to the reference cell line, as indicated. MTS proliferation assay results (N=4) were processed for statistical significance using the non-parametrical Mann-Whitney U test (Wilcoxon rank sum test). The threshold p-value of 0.05 was taken as a measure of significance.
RESULTS AND DISCUSSION
H-ras expressing cancer cells survive forces of ultracentrifugation
In our prior studies on the cargo of EVs produced by cancer cells, we observed that this material contains bioactive oncogenes in a form of intact oncoproteins, mRNA and genomic DNA (gDNA) sequences [17] [18] [19] . This cargo can be recovered using either a complete EV preparation protocol involving 0.22 µm filtration of the culture supernatant, followed by ultracentrifugation at 110,000 g [19] , or through a simplified (high yield) protocol containing pre-clearing and ultracentrifugation step alone (Fig. 1A) . Thus, in the case of highly tumourigenic rat intestinal cancer cells harbouring the human mutant H-ras oncogene (RAS-3), transmission electron microscopy (TEM) reveals structural perturbations near the cellular plasma membrane and the presence of multiple exosome-like EVs, approximately 100 nm in diameter, in the ultracentrifugate of the cultured medium, with no evidence of debris or contaminating cells (Fig. 1B) . However, the ample presence of the double-stranded gDNA in ultracentrifugates of RAS-3 conditioned media prompted us to examine whether, in spite of convincing TEM imagery, this material may contain rare viable RAS-3 cells that evade standard centrifugal pre-clearing (400 g). To do so, ultracentrifugation pellets of RAS-3 conditioned media were resuspended in medium and plated to test for the possible presence of tumour cell colonies (Fig. 1A) . Interestingly, this assay revealed multiple colonies of clonogenic and proliferative cancer cells in spite of the extreme centrifugal force applied to them during the 1 hour ultracentrifugation in vacuum and at 110,000 g force (Fig. 1C ). All such growth was eliminated when the media was passed through a 0.22 µm filter before ultracentrifugation, as per our standard protocol (Fig. 1AD) , which continues to yield exosomal gDNA sequences [19] . These observations are important for at least two reasons. First, they enforce the notion that isolation of pure EVs produced by cancer cells should occur with inclusion of filtration steps to eliminate the rare cancer cells that may enter these preparations in spite of centrifugal pre-clearing. This is especially important in the case of bioassays aimed to demonstrate the EV-mediated transfer of biological properties from cancer to normal cells, as the presence of viable cancer cells could conceivably mimic such a transfer. Second, it is intriguing that at least some RAS-3 cells were able to survive extreme and prolonged (1 hour) forces of vacuum ultracentrifugation and retain their clonogenic potential under such harsh conditions.
RAS-3 cells surviving ultracentrifugation exhibit sustained clonogenic potential
To explore if survival under ultracentrifugation conditions represents a feature of some or all cells within the clonal RAS-3 population, we isolated individual colonies surviving this procedure and established three post-centrifugation (PC) clonal cellular sublines (PC variants -PC1RAS-3, PC2RAS-3 and PC3RAS-3). PC1RAS-3 -PC3RAS-3 ). These cells were expanded from clonal colonies grown previously from ultracentrifugates of RAS-3 conditioned media (p-values calculated using computerized one-way ANOVA versus RAS-3 cells). F -The viability or time-dependent increase in metabolic activity of RAS-3 and its variant cell lines were measured using MTS and found largely comparable except in PC1RAS-3 variants (N=4; *Wilcoxon rank sum test < 0.05). G -The viability or timedependent increase in metabolic activity of RAS-3 and its variant cell lines were measured after direct ultracentrifugation (1,000 cells; 110,000 g for 1 hour) by MTS and found largely comparable except in PC1RAS-3 variants (N=4; *Wilcoxon rank sum test < 0.05).
Equal number of these cells and their RAS-3 parental population were plated to generate conditioned media and this material was subjected to another round of ultracentrifugation and plating for clonogenic recovery of cancer cells. Notably, in the case of two out of three PC cell lines, the number of colonies recovered from such ultracentrifugate was higher, in one case significantly, compared to that of parental RAS-3 cells (Fig 1E) . We also compared the viability of PC variants either by testing cells present in the culture conditioned medium (Fig. 1F ) or when they were directly subjected to ultracentrifugation forces (Fig. 1G) . These experiments, involving MTS assays, did not reveal consistent differences in the state or time dependent changes of metabolic activity (which may reflect growth or demise) between PC cell lines relative to their parental RAS-3 counterparts, even though one cell line (PC1RAS-3) had a somewhat higher metabolic rate and exhibited a more spindle morphology (data not shown). Pelleting trypsinized cells by vacuum ultracentrifugation at 110,000 g, once again, confirmed that both RAS-3 cells and their PC variants can withstand such conditions and retain their timedependent increase in metabolic activity, as measured by the MTS assay (Fig. 1G) . This remained unchanged even after 3 hours of continuous ultracentrifugation (data not shown). Collectively, these observations suggest that RAS-3 cells are remarkably resistant to extreme centrifugal forces. Notably, the clonogenic recovery appears to differ between subpopulations of the clonal RAS-3 cell line, which may reveal the existence of cellular subsets (possibly new mutants) more resistant to this treatment. This raises the question as to whether such heterogeneity exists between other transformed and normal cells.
Differential recovery of clonogenic cells from ultracentrifugates of transformed and non-transformed cell lines
To explore whether the ability to withstand ultracentrifugation is specific to RAS-3 cells or common for cancer cells, we collected conditioned media from several human cell lines, including epidermoid and glioblastoma cells harbouring oncogenic EGFR (A431 and U373vIII cells), indolent but genetically transformed glioma cells (U373P), and immortalized but non-tumourigenic (normal) human astrocytes (NHA). Surprisingly, in contrast to RAS-3 cells, we were unable to consistently recover viable cells from centrifugates of any of these cell lines after their exposure to 110,000 g force, with a possible (paradoxical) exception of NHA cells, which, albeit inconsistently, generated individual colonies under such conditions (Table 1) . It is of note that while A431 and U373vIII are tumourigenic, their relative in vivo aggressiveness is far less pronounced than that of RAS-3 cells, which give rise to a highly malignant and angiogenic tumours, and are resistant to anoikis and other insults [24, 26] . Therefore, it is possible that preferential survival of RAS-3 cells under extreme centrifugal forces is linked to some features of their malignant phenotype. Table 1 . Clonogenic recovery of viable non-tumourigenic and tumourigenic cells from ultracentrifugates of culture conditioned media. Indicated cells with different tissue origin, aggressiveness and type of oncogenic transformation were cultured, conditioned medium collected and subjected to ultracentrifugation without filtration, as in the simplified protocol for EV preparation (Fig 1A) . Pooled data from 6 independent experiments are shown, with numbers indicating colony counts from individual replicate wells. Of note, high level of transformation achieved by the expression of oncogenic H-ras or v-src rendered IEC-18 intestinal epithelial cells resistant to considerable centrifugal force. Nontransformed cells (IEC-18, NHA), indolent (U373P) and moderately transformed cancer cells (A431, U373vIII) exhibited a comparable, overall very low ability to yield viable cells in ultracentrifugates. P-values as indicated (one-way ANOVA), for comparisons with reference cell lines (* to ****, as indicated). -18) . From these cells, several highly aggressive tumourigenic variants were established following a single step transfection with H-ras or v-src oncogenes [24] , as exemplified by RAS-3 and SRC-3 cells, respectively. Given the appreciable clonogenic recovery of viable cells from RAS-3 ultracentrifugates, it is reasonable to ask whether this property is cell line/typespecific or linked to a defined oncogenic event readily traceable in this simple model system. To address this question, IEC-18, RAS-3 and SRC-3 cells were used to generate conditioned media, which were subjected to 110,000 g ultracentrifugation and colony formation assays. Notably, the parental IEC-18 cells revealed negligible numbers of colonies following this procedure, while both RAS-3 and SRC-3 cells gave rise to ample clonogenic growth (Table 1) . In this regard, the existence of specific and potent inhibitors of the SRC oncoprotein, such as PP2, offers an opportunity to examine whether the clonogenic survival of SRC-3 cells under centrifugal forces continues to depend on the transforming effect of the v-src oncogene. This appears to be the case, as conditioned medium of PP2-treated (but viable) SRC-3 cells generated reduced numbers of clonal colonies upon ultracentrifugation (Table 1) . These results suggest that the ability to withstand centrifugal forces and contribute viable cells to the EV pellet is a function of oncogenic transformation, at least as it applies to cells exhibiting high expression of mutant H-ras or v-src oncogenes.
In conclusion, our findings suggest that certain forms of oncogenic transformations confer cellular resistance to extreme physical forces. We serendipitously identified this influence while exploring protocols of ultracentrifugation involving centrifugal forces up to 110,000 g. This has several implications for techniques aimed at isolating EVs from cancer cell cultures (and biofluids) using simplified ultracentrifugation protocols. While such protocols may be effective in the case of normal cells and provide a high yield of EVs, our exploration of their use in the case of highly transformed cancer cells raises a cautionary note. The presence of viable and clonogenic cancer cells is not eliminated by the standard pre-clearing or extreme centrifugal forces, and may impact assays aimed at detecting various EV-specific molecular materials and influence the outcomes of relevant bioassays. These risks could be effectively addressed by maintaining a filtration step as an integral part of these experiments, one that effectively eliminates cellular contamination, but permits detection of EV-associated oncogenic cargo, including gDNA [19] . Unexpectedly, our study revealed a differential impact of the level and nature of oncogenic transformation on the survival of cancer cells under extreme physical challenges, as exemplified by prolonged vacuum ultracentrifugation. We observed that high levels of oncogenic H-ras and v-src expression, but not oncogenic EGFR, enable such survival, an observation that warrants further study as to how these respective oncogenes influence mechanosensory and physical properties of cancer cells. We and others have previously documented the resistance of RAS-3 and SRC-3 cells to detachment-induced cell death (anoikis), in contrast to their non-transformed IEC-18 counterparts [26] . This could be attributed to the relative uniqueness of signalling properties associated with the oncogenic RAS [27] , and its impact on cytoskeletal organization [28] [29] [30] .
Of note is the fact that forces exerted on cells within the physical microenvironment are increasingly recognized as biologically important cues in cancer, including the cellular phenotype, cell shape, polarity and selection of stem cell populations [31] [32] [33] [34] . The impact of the RAS pathway on mechanosensing and mechanical resistance is therefore of utmost interest. While forces applied to the cells at 110,000 g ultracentrifugation are artificial and likely exceed the conditions ordinarily encountered in vivo, cellular responses they elicit may signify the ability of cancer cells to survive relevant mechanical stresses, such as during the process of metastasis, invasive crossing of tissue barriers and expansion in confined tissue microenvironments, such as brain or bone. This includes behaviour of cells under conditions of movement, including rarely discussed circumstances such as aerial or space travel [35] . While few studies explored these questions in eukaryotic cells, certain bacteria have been documented to survive hyperaccelerative forces in excess of 400,000 g [36, 37] , a finding that raises questions as to possible commonalities of these biological mechanisms and biomechanical principles to those operative in eukaryotic and diseased (cancer) cells. Implications of physical forces in human pathology remain to be thoroughly investigated.
